Summary The extracellular pH (pHe) in solid tumours is frequently lower than the pH. in normal tissues.
There are few consistent differences between properties of normal and malignant cells, and this has hindered the development of therapeutic agents that are selectively toxic to tumour cells. There are, however, important differences in the microenvironment of solid tumours and normal tissues. In a tumour the supporting vasculature is often not sufficient to provide a nutrient environment similar to that in normal tissues (Vaupel et al., 1989) , leading to regions within solid tumours that are not well perfused and which have a low influx of metabolites and a low efflux of potentially toxic catabolites. Due to the limited range of diffusion of oxygen within tissues, regions distal to blood vessels tend to become hypoxic. Solid tumours are also known to be more acidic than normal tissues (Wike-Hooley et al., 1984) . Hypoxic regions of tumours are likely to be particularly acidic, because of enforced dependence on anaerobic glycolysis as a major source of metabolic energy. The net production of protons from the formation of lactic acid and the hydrolysis of ATP is though to lead to a decrease in pH (Hochachka & Mommsen, 1983) . Measurements of extracellular tumour pH (pHe), mainly by insertion of micro-electrodes, have confirmed that tumours are on average 0.5 pH units lower than normal tissue, with tumour pHe usually in the range from pH 6.5 to pH 7.0 and normal tissue pH, between pH 7.1 to pH 7.6 (Wike-Hooley et al., 1984) . Measurements by 3'P-NMR-spectroscopy, which indicate mainly intracellular pH (pHi), have shown no significant differences between pHi in solid tumours as compared to normal tissue, and in brain tumours slightly elevated levels of pHi have been recorded (Daly & Cohen, 1989; Vaupel et al., 1989) . The difference between measurements of pHi and pHe may be explained by the presence of mechanisms which regulate pHi in the face of an acid load.
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The difference in pHe between tumour and normal tissue provides an opportunity for tumour-selective therapy through the development of drugs whose toxicity is greater towards cells at lower pHe . One possible approach to such therapy would be the development of agents that are able to inhibit the mechanisms which regulate pHi, therefore leading to intracellular acidification in the presence of an acidic environment and death of those cells which are at low pHe. Cells in an acidic environment depend on the presence of membrane based ion transport systems to maintain their pHi within the normal range (pHi 7.2). The two major exchangers known to be involved with pH regulation under acidic conditions are the stilbene-sensitive Na+ dependent HCO3-/Cl-exchanger (Cassel et al., 1988) and the amiloride-sensitive Na+/H+ antiport . The latter has been found in most animal cells and exchanges extracellular Na+ with intracellular H+ with a 1: 1 stoichiometry. The inward Na+ gradient, which is maintained by the sodium-potassium-ATPase, drives the exchanger.
When the cells produce protons the exchanger can protect the cell by exporting H+ in exchange for Na+, thus minimising or preventing any decrease in pHi. The importance of the Na+/H+ exchanger for normal tumour growth has been suggested by the inability of variant MGH-U1 (human bladder cancer) cells lacking the Na+/H+ exchanger to form tumours in immune deficient mice .
Amiloride and some of its analogues are able to inhibit the Na+/H+ antiport (Cragoe et al., 1967; L'Allemain et al., 1984; Kleyman & Cragoe, 1988) . In previous experiments amiloride significantly enhanced the pH-dependent cytotoxic effect of the ionophores nigericin and CCCP (Rotin et al., 1987; Newell & Tannock, 1989) . Sparks et al. (1983) reported suppression of growth of DMA/J mammary carcinoma and H6 hepatoma in mice during repeated treatments with amiloride. Substitution at the 5-amino group of amiloride with certain lipophilic substituents has generated analogues that have been reported to have much greater potency for inhibiting the Na+/H+ antiport than the parent compound (Cragoe et Quantitation of Na+/H+ exchanger activity Exponentially growing cells were detached from their flasks using 0.025% trypsin and 0.01% EDTA, washed and resuspended in a-MEM without FCS at a final concentration of 1.5 x 106 cells ml-' in 2 ml. The cells were then incubated for 30 mins with 2 jig ml-' of the tetraacetoxymethyl ester of BCECF (BCECF-AM). BCECF-AM is uncharged and therefore able to diffuse across the cell membrane. Once inside the cell BCECF-AM is cleaved by non-specific esterases, producing the charged, highly fluorescent and poorly permeable BCECF, which remains trapped within the cell. After incubation in BCECF-AM, 320 ,ul of the suspension was removed, centrifuged and resuspended in 80 l of a-MEM and placed in a cuvet containing 1.8 ml of sodium-and bicarbonate free NMG-buffer (140 mM NMG, 10 mM Glucose, 1 mM KCI, 1 mM CaCl2, 1 mM MgCl2, pH 7.2). Measurements of pHi were made using a Perkin Elmer LS3 fluorescence spectrophotometer, with excitation and emission wavelengths set to 495 nm and 525 nm respectively. At these wavelengths, the fluorescence of BCECF is linearly related to pHi in the range of pHi 6.0 to 7.5 At an excitation wavelength of 440 nm, fluorescence emission (at 525 nm) of BCECF is independent of pH, and this was used as a check for dye leakage from cells. In our experiments such leakage was minimal, and it was not therefore necessary to use a ratio of fluorescence intensities to estimate pHi.
To determine the activity of the Na+/H+ antiport, cells were first acidified to pHi 6.5 using a fixed concentration of nigericin, an ionophore which allows extracellular protons to exchange across the cell membrane for intracellular potassium (Thomas et al., 1979) . Excess nigericin was bound with albumin. Activity of the Na+/H+ antiport in the presence or absence of an inhibitor was then quantitated by adding NaCl to the cuvette. The addition of NaCl (to a final concentration of 100 mM) allows the cells to use their Na+/H+ antiport to raise pHi and the rate of increase in pHi is a direct measure of the activity of the Na+/H+ exchanger. In the presence of amiloride or its analogues the rise in pHi is inhibited; the per cent inhibition is measured by the ratio of the slopes of the fluorometer lines (ApH1/At) after adding Na+, and expressed as a function of concentration of the inhibitor (Figure 1 ). Although the addition of NaCl causes an increase in osmolality, control experiments in which a similar rise in osmolality was caused by adding NMG or K+ containing media did not activate the Na+/H+ exchanger. 22Na+ uptake The uptake of 22Na' into cells provides an independent method for assessment of Na+/H+ exchange activity . Cells were seeded in multiwell trays and grown for 2 days in a-MEM + 5% FCS. At this point the media was replaced with NH4CI-containing media (a-MEM without NaHCO3 plus 50 mM NH4CI, 0.1 mM uridine, 0.1 mM hypoxanthine, and 20 mm Hepes, pH 7.4) and cells were incubated for 30 min at 37°C. Transient exposure to NH4Cl is able to acidify cells . Cells were then rinsed with 140 mM NMG+Cl-(pH 7.4) and incubated in 22Na+ solution (135 mM NMG+Cl-, 1 mM MgCl2, 2 mM CaC12, 1 mM NaCl, 2.5 ltCi ml-' 22NaCl, 1 mM ouabain, 20 mM HEPES-Tris, pH 7.4) for 6 min. The presence of ouabain inhibits the Na+/K+ ATPase, and prevents Na+-transport by this mechanism. To some multiwells a given amount of amiloride or the analogue was added prior to the addition of 22Na+. The multiwells were then rinsed three times with ice-cold phosphate-buffered saline. Cells were disrupted with Triton X-100, and uptake of 22Na+ was measured using a scintillation counter.
Partition coefficient
The partition coefficient is a measure of the ratio of lipid to water solubility of a given compound. The partition coefficients for amiloride and the analogues were determined by dissolving known amounts of the compounds in a 1:1 water: octanol emulsion by vigorous shaking for 10-15 min.
The two phases were then allowed to separate and the concentration of amiloride or its analogues was obtained by measuring the absorbance of each phase using a spectrophotometer. antiport (e.g. amiloride) the rate of recovery of pH, decreases. Per cent activity of the antiport is expressed as the ratio of slopes of the traces (after adding NaCI) in the presence and absence of the inhibitor. (Newell et al., 1992) . To kill the aerobic (and probably less acidic) subpopulation of the tumours, the tumour bearing left hind legs of some mice were also irradiated with 15 Gray X-rays, and drugs were given within 15 min after radiation. After a period of 18-24 h the tumours were excised, weighed and dissociated by passing them through a coarse screen followed by incubation in trypsin and DNase I for 30 min as described previously (Thomson & Rauth, 1974 Figure 2a and Table I . Similar results were found for EMT-6 cells. Also shown in Table I (Sutherland, 1988) . We have therefore studied the toxicity of nigericin and analogues of amiloride towards cells in MGH-Ul spheroids. The spheroids were grown in 200 ml spinner flasks for 12-14 days, by which time the spheroids had an average diameter of 800 l.m. The spheroids were then washed in phosphate-buffered saline and resuspended in 50 ml of pH-balanced media. Intact spheroids or cells from dissociated spheroids were exposed to agents at defined levels of pHe. Spheroids were dissociated in 0.025% trypsin and 0.01% EDTA and the cells were centrifuged and resuspended in 50 ml of pH-balanced media. Spheroids or single cells were exposed in spinner flasks in the presence of medium that was buffered to the desired pHe as described above. Spinner flasks were gassed with 5% CO2 to stabilise the pHe of the medium. After 30 min of incubation the agents were added (time 0). Control groups received an equivalent amount of diluent. Samples were taken at given time intervals and intact spheroids were then dissociated using 0.025% trypsin and 0.01% EDTA. All samples (intact and dissociated) were then centrifuged and resuspended in fresh a-MEM media + 5% FCS, counted, and plated in serial dilution. Clonogenic survival was determined after 9-11 days, as described above.
Experiments using murine tumours Because of limited availability of amiloride analogues, only preliminary in vivo experiments were performed, using a murine tumour model. The left hind legs of Balb/c-mice were injected with syngeneic EMT-6 cells. Treatment of the mice began when the tumour-bearing leg had reached a diameter of 8.5-9.5 mm (equivalent to tumour weight of 0.3-0.5 g), usually 6-7 days after injection. The mice were then injected intraperitoneally with either amiloride (10 jig g') or EIPA (Figure 3a ). All three analogues tended to give a plateau level of cell killing, such that there was little additional effect at higher doses ( Figure 3a) . The cytotoxic effect of the analogues was very dependent on pH, (Figure 4) Effects against murine tumours Only preliminary experiments were undertaken because of limited availability of EIPA. Our results show no effect on tumour cell survival using amiloride or EIPA in combination with nigericin in the absence of radiation. When used in combination with radiation, however, some additional cell killing could be detected with EIPA and nigericin; cell survival was reduced from -2 x 10-2 to -2 x 10'-. In contrast, amiloride (given at twice the concentration of EIPA) and nigericin showed no enhancement of the effect of radiation alone (Table II) .
Discussion
Fluorometric assay of the Na+/H+ antiport activity showed that DMA and particularly MIBA and EIPA are potent agents capable of suppressing the Na+/H+ exchanger, and that EIPA also gives more complete suppression of exchanger activity than amiloride ( Figure 2a and Table I ). These results were confirmed qualitatively by estimates of uptake of radioactive sodium (Figure 2b ) which provide an alternative method for assessing Na+/H+ exchange activity. These independent assessments differ in that uptake of 22Na' provides a direct estimate of ion flux, whereas changes in pHi induced by addition of Na+ to acidified cells depend on The Na+/H+ exchanger is an important mechanism for regulation of pHi, and work from this laboratory suggests that it may become the dominant mechanism for pHi regulation at pHe -6.5 as may be found in solid tumours (Boyer & Tannock, 1992) . Evidence that the exchanger may be essential for survival and growth of tumour cells derives from experiments carried out with variant MGH-Ul cells which lack the Na+/H+ exchanger. These cells were unable to form tumours when injected into recipient mice, whereas both the parent and a revertant line were able to form tumours . The Na+/H+ exchanger may therefore provide a target for tumour-selective cytotoxicity. Amiloride had been found previously to kill cells selectively at low pHe when used with the ionophores nigericin or CCCP which cause intracellular acidification (Rotin et al., 1987; Newell & Tannock, 1989) . Our experiments demonstrate that the three analogues of amiloride give higher cell killing of acidified cells at low pHe than amiloride, and their relative potency in causing toxicity correlates with their relative potency in inhibiting Na+/H+ exchange activity. This result suggests that the cytotoxic effects of these analogues at low pH, are due mainly to inhibition of the Na+/H+ antiport rather than to non-specific effects. This is further supported by the results from the experiments which have evaluated the relationship between concentration and cell killing; as the concentration of the analogues is increased cell survival initially falls dramatically, but then reaches a plateau at higher doses. This is consistent with the concept of a maximal level of suppression of the Na+/H+ antiport such that a further increase in dose gives no increase in activity against the antiport or in cell killing. There is, however, some disparity between the the concentrations required to obtain maximum inhibition of Na+/H+ exchange activity, which are lower than those required for maximum cytotoxicity. It is possible that the cell survival assay is more sensitive to small changes in Na+/H+ exchange activity near maximal suppression and that the fluorometric technique is not sufficient to detect these small changes. Also the concentration of amiloride analogues required to give maximal suppression may be higher at pHe -6.5 than at pHe 7.2, as the studies characterising Na+/H+ antiport activity were carried out at pHe 7.2. Changes in the conformation of the inhibitors or of the Na+/H+ exchanger might lead to a decrease in efficacy at lower pH,.
Further evidence supporting the hypothesis that inhibition of the Na+/H+ exchanger is the main cause of cytotoxicity at low pH, comes from the results of the studies using cells which lack the Na+/H+ exchanger. For (Carlsson & Acker, 1988) . If MGH-Ul spheroids also have an acidic central region, one might predict cell killing in intact spheroids in medium at pHe 7.0; failure to observe such an effect might imply minimal variation in pHe in these spheroids or achievement of somewhat lower drug concentration in central acidic regions. Cell killing was observed when spheroids were exposed to nigericin and EIPA at pHe 6.4, and cell survival was similar to that observed for dissociated spheroids. This result suggests the achievement of fairly uniform values of pH, throughout the spheroids, and good penetration of drugs. In future work the penetration of EIPA (or other analogues) and specificity towards central regions will be studied by staining the spheroids with Hoechst 33342 prior to treatment, followed by dissociation and fluorescence activated cell sorting, to examine cell killing as a function of depth of penetration.
Results obtained from preliminary studies using a murine tumour model demonstrate decreased cell survival for tumours treated with radiation, nigericin and EIPA when compared to tumours treated with radiation alone. This effect was probably not due to radiosensitisation since the drugs were given after irradiation, although an effect to inhibit the repair of radiation-induced damage cannot be excluded. Amiloride, nigericin and radiation, where amiloride was given at twice the concentration of EIPA, were not observed to enhance cell killing as compared to radiation alone. The low potency and incomplete inhibition of antiport activity by amiloride suggest limited potential for in vivo effects of this agent, although modest cell killing has been observed in another tumour model when hydralazine was also administered to increase hypoxia and lower pH (Newell et al., 1992) .
No effect on cell survival could be detected when any of the drugs where given without radiation. This may be expected because although the tumour is acidic (mean pHe = 6.75 ± 0.06, Newell et al., 1992) , the distribution of acidity is unknown and presumably only a small fraction of the tumour is chronically hypoxic or very acidic; even elimination of this entire subpopulation would not be detected in a survival assay. When radiation is used to eliminate the non-hypoxic fraction, the remaining cells (in our experiments approximately 2% of the total) will be almost exclusively hypoxic and may be severely acidic. Our results suggest that EIPA and nigericin are then able to kill approximately 90% of these remaining cells. Results presented indicate the possible therapeutic value of using EIPA together with agents which acidify cells, especially when used with conventional treatment such as radiation. Many studies remain to be undertaken, including studies of toxicity, pharmacokinetics and mechanisms of interaction of agents in vivo, development of methods for obtaining selective acidification of cells at low pHe by agents that are less toxic than nigericin, and studies of these agents given in repeated doses. Our results suggest, however, that pharmacological inhibition of pH-regulatory mechanisms might be an exploitable strategy for the therapy of solid tumours. 
